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Hyaluronidase and hyaluronic acid have been shown to
play an important role in regulating embryogenesis in several
animals. Experimental evidence indicates that hyaluronic
acid regulates embryonic morphogenesis by preventing untimely
cellular interactions and, hence, permits the appropriate
accumulation of cells. It is degraded by hyaluronidase at
an appropriate time during embryogenesis to allow cellular
interaction leading to coordinate differentiation.
Currently research is directed towards understanding
the mechanism of action of hyaluronidase on hyaluronic acid
and the structure and moiety relationship of these two
important compounds. These studies have included charac
terization of hyaluronidase from different sources, and have
resulted in the discovery of several forms of hyaluronidase.
In the chick, two forms of this enzyme are present: cellular
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and secretory, with different kinetic properties. These
differences are thought to be attributable to structural
modifications. It is not known whether these modifications
are co- or post-transitional.
In the work reported here, hyaluronidase has been
isolated from chick brain fluid and its characteristics
studied in relation to chick brain morphogenesis. It is
apparently a secretory form with pH optimum at 3.5 to 4.5,
but also has activity at neutral pH. Its activity is
modulated by cations. Evidence is also presented which
suggests a strong association, possibly a complex, between
chick brain fluid hyaluronic acid and hyaluronidase activity-
containing protein(s). This association seems to have a
regulatory role on interactions between hyaluronic acid and
hyaluronidase during brain morphogenesis.
The molecular weight of the chick brain fluid hyaluroni
dase was estimated by SDS pollyacrylamide gel electrophor-




LIST OF FIGURES vii
LIST OF TABLES vii
Chapter
I. INTRODUCTION 1
II. REVIEW OF THE LITERATURE 7
Biomedical Significance 12
II. MATERIALS AND METHODS 16
Obtaining Embryonic Chick Brain
Fluid (Whole Fluid) 16
Precipitation and Isolation of
Hyaluronidase from Chick Brain
Fluid 17
Assay for Hyaluronidase Activity . . 18
Determination of Incubation Time . . 20
Determination of Hyaluronidase
Activity in Sonicated and Unsoni-
cated Fractions of Ammonium Sulfate
Treated Fluid 21
Determination of Protein Concen
tration 22
Characterization of the Isolated
Brain Fluid Hyaluronidase 23
Effect of pH on Hyaluronidase
Activity 24
Effects of Cations (Mg2+, Ca2+,
Mn2+) on the Activity of Chick
Brain Fluid Hyaluronidase .... 24
Substrate Specificity of Chick






Time of Incubation 28
Hyaluronidase Activity Observed in
AMS-fractions Derived from Soni
cated and Unsonicated TCA-pellets . 28
Protein Concentrations in Different
Fractions during Developmental
Stages Days 4-10 31
Variations in Hyaluronidase Activity
during Development 34
Effect of pH on the Activity of
Chick Brain Fluid Hyaluronidase . . 37
Effects of Cations (Mg2+, Mn2+,
and Ca2+) on the Activity of Chick
Brain Fluid Hyaluronidase 37




Protein Bands Obtained with Soni
cated and Unsonicated Ammonium
Sulfate Processed (AMS) Pellet
Fractions 41
Estimation of the Molecular Weight
of the Chick Brain Fluid
Hyaluronidase 45
V. DISCUSSION 46











Schematic outline of the procedure for
the isolation of embryonic chick brain
fluid hyaluronidase 19
Rate determination of chick brain fluid
hyaluronidase activity of whole fluid,
and ammonium sulfate purified pellet,
and of bovine testis hyaluronidase . . . 29
Variations in protein concentrations in
whole fluid and TCA and ammonium sulfate
precipitated pellet fractions of chick
brain fluid during developmental stages
days 4 through 10
Hyaluronidase activity observed in
ammonium sulfate pellet fractions of
processed chick brain fluid from days
4 to 11 and day 15 old embryos





Photographs of SDS-polyacrylamide gel
electrophoresis protein profiles of
ammonium sulfate processed chick brain
fluid hyaluronidase from AMS-pellets,
bovine testis extract and bovine
serum albumin:
A. Sonicated (lane 1) and unsonicated
(lane 2) chick brain fluid hyaluroni
dase (AMS-pellets) and sonicated
(lane 4) and unsonicated (lane 5)
bovine testis hyaluronidase (AMS-
pellets) . Lane 3, blank , 43
B. Bovine serum albumin (lane 1, MW =
68,000 daltons) and sonicated and
unsonicated chick brain fluid
hyaluronidase (lanes 4 and 5,













Effect of sonication on hyaluronidase
activity of chick brain fluid 30
Protein concentrations obtained in
whole fluid, TCA-pellet, and AMS-
pellet of processed chick brain
fluid from days 4-10 embryos 32
Hyaluronidase activity observed in
ammonium sulfate processed pellet
(AMS-pellet) fraction of chick brain
fluid from days 4-10 embryos 35
Effect of pH on the activity of chick
brain fluid hyaluronidase 38
Effects of Cations (Mg2+, Ca2+, and
Mn2+) on the activity of chick brain
fluid hyaluronidase in presence and
absence of Na 4 0
Substrate specificity of chick brain
fluid hyaluronidase 42
Hyaluronidase activity obtained from
the different protein bands of chick




Hyaluronic acid is an acid mucopolysaccharide widely
distributed in biological systems (Review of Literature).
It is made up of repeating disaccharide units of D-glucoronic
acid and N-acetyl-D-glucosamine. D-glucoronic acid and N-
acetyl-D-glucosamine are attached by a beta 1, 3 linkage,
while each disaccharide unit is attached to the next by
beta 1, 4 linkages. Hyaluronic acid, hence, contains
alternating beta lf 3 and 1, 4 linkages.
Other acid mucopolysaccharides nearly identical to
hyaluronic acid are the chondroitins. Chondroitins contain N-
acetyl-D-galactosamine instead of N-acetyl-D-glucosamine.
Its sulfuric acid derivatives, chondroitin 4-sulfate
(chondroitin A) and chondroitin 6-sulfate (chondroitin C),
are major structural components of cell coats, cartilage,
bone, cornea, brain, and connective tissue. Other acid
mucopolysaccharides are dermatan sulfate, made up of iduronic
acid and N-acetyl-D-galactosamine 4-sulfate and keratan
sulfate, composed of galactose, galactose 6-sulfate and N-
acetyl-D-glucosamine 6-sulfate. They are found in skin,
cornea, and bony and connective tissues.
These acid mucopolysaccharides are degraded by con
certed actions of exo- and endo-gly.cosidases. In the case
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of hyaluronic acid, in accordance with the linkages discussed
above, two exoglycosidases: glucoronidase and A-N-acetylgluco-
saminidase,should be capable of degrading it to its mono-
saccharide components. This is not possible if residue
at the reducing terminus of the polysaccharide is N-acetyl-
gluconsamine. A complementary mode of degradation depends
on the action of hyaluronidase, an endo-/0-N-acetylhexo-
saminidase which attacks 1,4 linkages of hyaluronic acid
and, to a lesser extent, chondroitins.
The presence of hyaluronic acid and its subsequent
removal by hyaluronidase seem to play an important role
in regulating morphogenesis and differentiation in embry
onic systems (Toole and Trelstad, 1971; Toole, 1972; and
Pratt et al., 1975). Early stages of development in many
embryonic systems are marked by high concentrations of
hyaluronic acid and high hyaluronidase activity, both of
which decline as development advances (Toole and Trelstad,
1971; Polansky et al4,1973; Orkin and Toole, 1978). As
suggested by these researchers, hyaluronic acid may act to
prevent untimely cell interactions and, hence, provide means
of timing morphogenetic events allowing sufficient accumula
tion of cells prior to overt tissue formation. It is
removed by hyaluronidase at the appropriate time for cellular
aggregation and interaction leading to differentiation.
In light of the above observations and postulations,
the understanding of synthesis and the manner of action of
hyaluronidase is important. In fact, several medical
problems have been traced back to improper hydrolysis of
some acid mucopolysaccharides (Biomedical Significance).
Research in this area has indicated wide distribution
of hyaluronic acid and other acid mucopolysaccharides as
well as hyaluronidase in biological systems (Review of
Literature). Much research continues to be undertaken to
attain a complete understanding of the nature of these
important substances.
Pioneering research in this area has provided a means
of determining the activity of hyaluronidase on hydrolyses
of hyaluronic acid, chondroitin sulfate and other mucopoly
saccharides (Morgan and Elson, 1934; Duthie and Chain, 1939;
Reissig et al., 1955). Successful attempts have been, and
continue to be made in different laboratories to isolate
hyaluronidase from different sources and study its proper
ties (Margolis, 1967; Aronson and Davidson, 1967; Ohya and
Kaneko, 1970; Polansky et al., 1973; Orkin and Toole, 1978;
1980). Until recently, emphasis has been placed on the
activity of hyaluronidase rather than on the moiety and
quantity of the enzyme. The activity of the enzyme
may be used to monitor concentration variations of the
substrate, but does not necessarily quantitatively indicate
variations of the enzyme. The question that often comes to
mind is whether or not the concentration of hyaluronidase
varies quantitatively with its activity and, hence, with
the concentration of hyaluronic acid and/or other mucopoly
saccharides it hydrolyses. In our laboratory, attempts are
being made to answer this question. Further, it has been
shown in the literature that hyaluronidase from bacterial
sources is characteristically different fron animal hyal
uronidase (Ohya and Kaneko, 1970).
Cultured chick embryo fibroblasts have been shown to
produce two forms of hyaluronidase: one, associated with the
cells and the other secreted into the medium (Orkin and
Toole, 19 80). The secreted hyaluronidase was shown to
possess more thermal stability at neutral pH than the
cell-associated one. These researchers also demonstrated
that treatment of the secreted form of hyaluronidase with
neuramidase shifts its properties closer to the cellular
one, suggesting the presence of more sialic acid residues
in the secreted form of the enzyme.
Following these findings, attention is now being
directed towards sequencing of these lyososomol exo- and
endo-glycosidases in order to provide an understanding of
their actions on substrates and the manner of their transfer
to locations of function on the cell surfaces. The secreted
forms of some of the exoglycosidases have been shown to con
tain specific recognition sites that bind to cell surface
receptors and mediate active pinocytosis of these enzymes
(Kaplan et al., 1977; Neufeld et al., 1977; Sando and
Neufeld, 1977). In human fibroblasts, for example, the
recognition marker appears to be a phosphomannosyl moiety
for @ -glucofonidase, 6t- and /£-N-acetylglucosaminidase,
4-L-iduronidase, /$ -mannosidase and j^-galactosidase
(Kaplan et al., 1977; 1978). The evidence for the exist
ence of sialic acid residues on excreted hyaluronidase has
led Orkin and Toole (1980) to suggest a similar role for
sialic acid in specific recognition sites of hyaluronidase.
Consequent to these research endeavors two hypotheses
have emerged for lysosomal enzyme actions: the first,
proposed by Neufeld (Neufeld et al., 1977) postulates that
the lysomal enzymes, after secretion, are reinternalized via
specific binding sites, before functioning within secondary
lysosomes.
The second hypothesis has been proposed by Sly and
Stahl (1978) in which the phosphomannosyl recognition marker
is involved in segregating lysosomal enzymes from secretory
products by retaining the enzymes bound to the internal wall
of exocytic vesicles during eversion, fusion with plasma
membrane, and secretion of unbound material. The plasma
membrane-bound lysosomal enzyme is then reinternalized by
endocytosis.
As proposed by these hypotheses, the importance of the
specific recognition sites of the lysosomal enzymes cannot
be ruled out. This is suggestive of the similarly important
role for hyaluronidase specific recognition sites. However,
phosphomannosyl moiety does not seem to be involved in the
recognition sites of hyaluronidase (Orkin and Toole, 1980).
It has often been thought that animal hyaluronidase
is a lysosomal enzyme which acts as a acid pH. The dis
covery of the two forms of hyaluronidase in the chicken
raises new questions: (1) are the two forms merely iso-
enzymes of the same enzyme? or (2) are they different due to
post-translational modifications? How do these modifica
tions relate to the functional role of the enzyme?
In our laboratory, research efforts are directed
toward answering some of these questions. The research
undertaken in this program is aimed at monitoring the manner
of syntheses and/or accumulation of total protein and hyal-
uronidase in the chick embryo brain fluid during the process
of brain morphogenesis and how the presence of these proteins
relate to the activity of the chick brain fluid hyaluronidase
during chick brain morphogenesis. Also, attempts have been
made to characterize the brain fluid hyaluronidase and to
compare its properties with those from other sources so far
reported in the literature.
CHAPTER II
REVIEW OF THE LITERATURE
The distribution of hyaluronidase, hyaluronic acid
and other mucopolysaccharides in biological systems is amply
documented.
Inference to hyaluronidase was made as early as 1936
when Menkin reported a substance from inflammatory exudates
which increased the permeability of rabbit capillaries.
Due to accumulation of leukocytes around the areas injected
with the substance, Menkin called it "Leikotaxine." In 1939,
Duthie and Chain obtained similar results with crude extracts
of minced liver, kidney, muscle and skin. He named it
"Permeability Increasing Factor." However, definitive work
on the enzymatic action of hyaluronidase was reported by
Chain and Duthie (1939). They obtained extracts containing
hyaluronidase from testis and bacterial filtrates, and
demonstrated that the extracts increase the permeability of
the dermal layer of the skin. They suggested that the sub
stance in the extracts is an enzyme which acts on some sub
strate in the skin. Further, they attempted to purify the
enzyme, and succeeded in demonstrating its enzymatic action
on synovial fluid, vitreous humor, and umbilical cord
preparations. Duthie and his colleagues suggested that the
enzyme acts by splitting polysaccharides into simple sugars,
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hence, the name "polysaccharide splitting enzyme" became
common in the literature. In 1941, Hirst isolated a "poly
saccharide splitting enzyme" from the leech and demonstrated
its decapsulation effect on a virulent strain of streptococcus,
He also reported the protective effect of the enzyme on mice
infected with this strain. McClean (1942), however, failed
to obtain decapsulation in vivo although he was able to
demonstrate it in vitro. Also, the protective effect of the
enzyme on mice was negligible. He showed that there are
substances in living systems that inhibited the enzyme:
starch, gum accacia, heparin, gastric mucin, chondroitin sul-
fate, and whole mouse blood.
Following these early experiments, most research in
this area has been geared towards purifying hyaluronidase
from different sources, characterizing it, correlating its
activity on substrates such as hyaluronic acid, chondroitin
sulfate, heparin and other related substrates, and, assess
ing its role in biological systems. Weissman (1955) and
Houck and Pearce (1957) isolated and partially characterized
testis hyaluronidase. Vaes (1966) isolated hyaluronidase
from bone tissue and showed that its activity was associated
with a lysosomal fraction and Aronson and Davidson (1967)
purified and determined the properties of hyaluronidase from
rat liver. In 1967, Margolis isolated hyaluronidase from
bovine brain and demonstrated its activity on hyaluronic
acid and chrondroitin sulfate. About the same time, Singh
and Bachhawat (1967) reported the presence of hyaluronidase,
hyaluronic acid, chondroitir;, dermatan and heparin sulfates
in human brain. Shortly after, the presence of these sub
stances in the brains of different species, including rat,
monkey, chicken, sheep, and rabbit (Singh et al., 1969) was
reported. With hyaluronidase isolated from rat and bovine
brains it was possible to demonstrate that hyaluronidase
degraded hyaluronic acid and chondroitin sulfate to oligo-
saccharides having N-acetylglucosamine at the reducing end
(Weissmann, 1955; Aronson and Davidson, 1967; Margolis
et al., 1972). With this background, many researchers
have set out to assess the role of hyaluronidase and
hyaluronic acid in living systems.
Serious attempts to determine the role of hyaluroni
dase and hyaluronic acid in biological systems have been in
the area of embryonic development. The most noticeable
contributions are from the laboratory of Toole at Harvard
Medical School. From this laboratory, it has been reported
that development of chick brain (Polansky et al., 1973) and
chick heart (Orkin and Toole, 1978) are associated with high
hyaluronidase activity at earlier stages of embryogenesis.
This activity declines as development progresses. In these
reports a parallel decrease in the concentration of hyaluronic
acid was also noted. In regenerating newt limb in which
cells acquire embryonic characteristics hyaluronidase activity
and concentration of hyaluronic acid were shown to be higher
at earlier stages of regeneration, with subsequent removal of
hyaluronic acid by hyaluronidase at latter stages (Toole and
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Gross, 1971). These experiments suggest an important role
of hyaluronic acid and hyaluronidase in development. As
suggested by Toole, hyaluronic acid may be involved in con
trolling untimely cell interactions and aggregations and,
hence, provide means of timing morphogenetic events allowing
sufficient accumulation of cells prior to overt tissue
formmation. It is removed by hyaluronidase at an appro
priate time for differentiation to commence. This con
tention is supported by two more observations which merit
mentioning here. Toole (1973) observed that hyaluronic acid
inhibited chondrogenesis in vitro. The inhibition was
abolished by hyaluronidase, thyroxine and calcitonin. Pratt
(1975), using autoradiography observed that cranial neural
crest cells of the chick migrated towards hyaluronic acid
rich cell free matrix between head ectoderm and endoderm,
suggesting affinity of undifferentiated cells for hyaluronic
acid. The work in this area is not enough to derive con
clusively the role of hyaluronidase and hyaluronic acid in
embryonic systems. It has, however, provided the foundation
from which to proceed.
As mentioned above, early experiments were directed
towards isolating and characterizing hyaluronidase.
Similarly, today many laboratories are making attempts to
determine the properties of hyaluronidase. Aronson and
Davidson (1967) purified rat liver hyaluronidase and reported
its properties. It was found to be lysosomal, degrading
hyaluronic acid and chondroitin sulfates A and C and was
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inhibited by heparin sulfate, keratan sulfate and chondroitin
sulfate B. Davidson, however, did not attempt to estimate
the molecular weight of the enzyme. Toole and Orkin (1978)
reported similar properties for embryonic chick heart hy
aluronidase and estimated its molecular weight to be about
62,000. In comparing the properties of hyaluronidase from
chick heart with those from testis (Weissmann, 1955) it has
often been suggested that animal hyaluronidases from differ
ent sources have similar properties. They are lysosomal
acid hydrolases which require pH optima. They degrade hy-
aluronic acid and chondroitin sulfate and are inhibited by
other acid mucopolysaccharides.
Recently, evidence has emerged in the literature which
suggests the existence of more than one form of hyaluronidase
in biological systems. Streptomyces hyaluronidase is charac
teristically different from animal hyaluronidase (Ohya and
Kaneko, 1970). More striking is the recent discovery of
two forms of hyaluronidase in cultured chick embryo fibro-
blasts (Orkin and Toole, 1980). One form is associated
with the cells, and the other is secreted into the medium.
Orkin and Toole (1980) further demonstrated that the differ
ence in the two forms is due to additional sialic acid
residues on the secreted form, suggesting functional differ
ences.
Consequent to these findings, research is now being
directed towards the functional moieties of the enzyme in
order to elucidate the structure of the enzyme and its mode
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of action. Several secreted forms of hysosomal exoglyco
sidases have been shown to contain glycosylated moieties
which mediate their active pinocytosis (Neufeld et al., 1977);
Sando and Neufeld, 1977). In human fibroblasts a phosphos-
mannosyl moiety has been shown to play such a role for
several exoglycosidases (Kaplan et al., 1977, 1978).
Further, evidence is forthcoming which suggests
the involvement of other proteins in the degradative action
of hyaluronidase on hyaluronic acid. Hyaluronic acid from
mammalian sources seems to be covalently linked to protein
and, hence, to exist in the tissue as a proteoglycan (Sandson
and Hamerman, 1962; Hamerman et al., 1966; Scher and Hamerman,
1972). The role of this protein is not yet clear. Further
research is needed to correlate the functional roles of the
proteins and the glycosylated moieties of the secreted hyal
uronidase with the structure of the enzyme before a full
understanding of the mode of its action can be achieved.
Biomedical Significance
From the above discussion (Introduction and Review of
Literature) it is appropriate to consider the biomedical
implications of the actions of hyaluronidase and other
glycosidases on their substrates.
As mentioned above, early research attempted to
associate bacterial virulence with the presence of some
polysaccharides in the bacterial capsules (Hirst, 1941;
McClean, 1942). However, the most definitive work has been
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in the area of developmental defects due to incoordinate
syntheses and breakdown of some of the polysaccharides.
Experimental evidence indicates an important role for
hyaluronidase and hyaluronic acid in regulating morphogenesis
and differentiation in embryonic systems (Toole and Trelstad,
1971; Toole, 1972; Pratt et al., 1975; Orkin and Toole, 1978),.
In fact, some developmental defects have been traced back to
improper synthesis or degradation of some acid mucopoly-
saccharides. Among these are the mucopolysaccharodoses—
Hurler's,Hunter's, and Marfan's diseases and Sanfilippo's
syndrome. These are genetic disorders in man resulting
in physical defects and mental retardations.
In Hurler's disease (or gargoylism), there are accumu
lations of dermatan and heparin sulfates in connective
tissue, liver cells, golgi, spleen, brain, and kidney
(Meyer et al., 1957). Also, cultured human skin fibroblasts
from Hurler's disease accumulate hyaluronic acid due
to a high rate of its synthesis (Matalon and Dorfman, 1966;
Schafer et al., 1968; Germinario et al., 1973). Alfa-L-
iduronidase has been shown to be deficient in such fibro
blasts (Matalon and Dorfman, 1972). Also, deficiency of beta-
galactosidase isoenzymes in livers and kidneys of the patients
has been demonstrated (Ho and O'Brien 1969). Similar
accumulation of hyaluronic acid due to its improper synthesis
occurs in Marfan's disease (Lamberg and Dorfman, 1973). This
is an autosomal dominant developmental defect resulting in
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dislocated lenses, long extremities, loose joints, aortic
aneurysm and mital regurgitation (McKusick, 1966). Accumu
lations of other acid mucopolysaccharides have been found in
Hunter's and Sanfilippo's syndromes.
An interesting case of lysosomal glycosidase defects
is in the I Cell disease in man. This condition has pro
vided a model for the exploration of endo- and exo-cytosis
phenomena. Lysosomal enzymes are elevated in the medium of
cultured fibroblasts from patients suffering from this con
dition as well as in their plasma (Hickman and Neufeld,
1972). It is proposed that this condition is due to abnormal
exocytosis of I Cell exoglycosidases because of the presence
of extra sialic acid residues on its recognition sites
(Hickman et al., 1974) and/or defective action of neura-
minidase in the primary lysosomes of I Cell fibroblasts
(Vladutiu, 1978).
Anomalies associated with abnormal brain development
in humans contribute a further example of biomedical problems
that may be attributed to improper synthesis of brain pro
teins. Cranioschisis is a condition associated with virtual
absence of brain morphogenesis. Microcephalus and macro-
cephalus are related conditions associated, respectively,
with undersized brain, and swollen brain with excessive
accumulation of cerebral spinal fluid .
Understanding the biochemical factors which control
morphogenesis of the embryonic systems may be the key to
solving these biomedical problems. The knowledge of the
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enzymes involved in the synthesis and degradation of these
substances is, therefore, desirable. In our present work,
one of these enzymes, hyaluronidase, is being studied.
We are attempting to monitor the pattern of synthesis and
accumulation of this enzyme during chick brain morphogenesis.
CHAPTER III
MATERIALS AND METHODS
Materials and methods used in this investigation
essentially involved the acquisition of embryonic chick
brain fluid, isolation of hyaluronidase from the brain fluid
and assaying for the activity and other properties of the
hyaluronidase.
Obtaining Embryonic Chick Brain
Fluid (Whole Fluid)
Embryonated eggs of the white Leghorn strain of
chicken were incubated at 37c to attain serial stages of
development, days 4 through 10 (after Hamburger and Hamilton,
1951). At required developmental stages the eggs were
removed from the incubator and carefully opened in physio
logical saline. The embryos were then surgically removed
from the underlying yolk into another dish of clean saline.
To avoid possible contamination of the fluid with blood and
other debris, embryos were laid in a watch glass partially
filled with saline, except for the brain, positioned above
the saline. The brain fluid was then collected using the
methods of Browne et al.(1980). The samples were placed
in clean Eppendorf tubes kept on ice. In experiments
requiring large quantities of samples, fluid was pooled
from several embryos of the same age. The pooled fluid
was immediately microfuged in a Brinkman 5412 centri-
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fuge for 3 minutes to separate cells (pellet) from fluid.
From this fluid (referred to in the remainder of the text
as "Whole fluid") total protein as well as hyaluronidase
preparations were obtained. All experiments were per
formed at 4C, except where otherwise specified.
Precipitation and Isolation of Hyaluron
idase from Chick Brain Fluid
Total protein was precipitated and hyalurinidase
isolated from the protein as outlined in figure 1. To
measured amounts of the fluid contained in 1.5 ml Eppendorf
tubes on ice, an excess amount of 10% TCA (Trichloracetic
acid) was added to completely precipitate the protein. The
tubes were kept on ice for 30 minutes. They were subsequent
ly microfuged for 3 minutes. The supernatant was pipetted
into clean tubes leaving pelleted protein in the original
tubes. The supernatant and the pellet produced in these
centrifugations were referred to, respectively, as trichloro-
acetic acid supernatant (TCA-sup.) and tricholoracetic acid
pellet (TCA-pellet) fractions.
TCA-pellet was redissolved in distilled water by inter
mittent vortexing and returning to ice bath. The dissolved
pellet was then sonicated at 20 decibles per minute for a
total of 1 minute. (Heat Systems sonicator Model 220.)
To avoid overheating intermittent sonications of 10 seconds
each were applied while the tubes were on ice. The soni
cated pellet solution was then saturated up to 75% with
ammonium sulfate (laboratory grade, Sigma Co.) by slowly
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adding the ammonium sulfate and vortexing momentarily.
The tubes were then removed from the ice and placed in the
refrigerator for 6 hours to overnight. After these times
there occurred a viscous solution with some turbid preci-
pate at the bottom of the tube. These two faces were
separated by microfuging at 1,500 rpm for 3 minutes five
times (i.e., for a total of 15 minutes) with constant
cooling between the spins. The supernatant, containing
a large quantity of hyaluronic acid, was aspirated into
separate tubes leaving the pellets containing hyaluronidase
in the original tubes. The pellets and the supernatants
obtained at this stage will be referred to in the following
text as AMS-pellet and AMS-sup. (i.e., ammonium sulfate
pellet and ammonium sulfate supernatant), respectively.
A commercial preparation of bovine testis hyaluronidase
(Sigma Co.) used as standard in most of these experiments
was similarly processed.
Assay for Hyaluronidase Activity
The activity of hyaluronidase was used to indicate
the viability and the presence of the enzyme in the different
fractions and developmental states. AMS-pellets (containing
hyaluronidase) obtained as described above (Fig.l) were
dissolved in small quantities of formate buffer (0.10M Sodium
formate, 0.15M Nacl and 0.1% Triton X-100r ph 3.7). The
dissolved AMS-pellets were then transferred using 10 c.c.




























CONTAINS CHICK BRAIN FLUID
HYALURONIDASE
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containing 0.5 ml human umbilical cord hyaluronic acid
(Sigma grade III) made up in the same formate buffer (10 mg
hyaluronate/ml of buffer). When supernatants or whole
fluids were assayed, they were added to quantities of buffer
equal to the amounts in which the pellets were dissolved,
then transferred into test tubes of hyaluronate. The
samples were incubated at 37c in C-24 environmentally con
trolled incubator/shaker for 8 hours. Hyaluronidase
activity was spectrophotometrically determined according to
the method of Reissig et al. (1955) by readings of terminal
N-acetylglucosamine released from hyaluronic acid during
the incubation. The readings were made on a Turner model
350 spectrophotometer at O.D. 544. Using a commercial
N-acetylglucosamine (Sigma), the O.D. 544 readings were
converted to concentrations of N-acetylglucosamine released.
Determination of Incubation Time
To determine the minimal time of incubation which gave
the maximal reading, whole chick brain fluid, AMS-pellet
(both from day 7 embryos) and bovine testis hyaluronidase
(40 mg/ml in H2O) were used. From 500 jal of whole brain
fluid, AMS-pellet was obtained as described above. The
pellet was dissolved in 500 jul of distilled water and left
on ice while other samples were being processed. Another
500 j»l of whole fluid and 500 jxl of bovine testis hyaluroni
dase were also placed into separate Eppendorf tubes and left
on ice. Three groups of screw-capped glass test tubes (9
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tts/grp), each containing 0.5 ml of hyaluronic acid (10
mg/ml, in formate buffer) were set up. Into each of the
first 9 test tubes were transferred 50 pi of the AMS-pellet
solution. Fifty ul of whole fluid and 50 of bovine testis
hyaluronidase were transferred, respectively, into the
second and the third groups. The test tubes were vortexed
well and 8 tubes from each lot were placed in incubator and
incubated for varying times from 2 to 16 hrs. At two
hourly intervals three tubes (one from each group) were
removed from the incubator and assayed spectrophotometrically
for hyaluronidase activity as described above. The remaining
three (one from each group) were assayed without incubation.
Determination of Hyaluronidase Activity in
Sonicated and Unsonicated Fractions of
Ammonium Sulfate Treated Fluid
Total protein from 100 ^1 of whole fluid was preci
pitated with 500/»1 of 10% TCA. The TCA-pellet obtained
was dissolved in 500 jftl of distilled water, then divided
into two aliquots of 250 ^il each. One was sonicated as
described above, the other was not. These were subsequent
ly precipitated with ammonium sulfate to give, respectively,
sonicated and unsonicated ammonium sulfate precipitated
pellet (AMS-pellet) and supernatant (AMS-sup.). A com
mercial preparation of bovine testis hyaluronidase was
similarly treated for comparison. The final pellets and
supernatants were incubated with 0.5 ml of human umbilical
cord hyaluronic acid (10 mg/ml, in formate buffer). Also,
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50 ul of whole chick brain fluid and 50 ul of unprocessed
testis hyaluronidase were incubated with equal amounts of
hyaluronic acid. Definitive control experiments were also
performed to ascertain that the spectrophotometric assays
obtained were due to enzymatic degradation of hyaluronic
acid by hyaluronidase rather than acidic hydrolysis of the
substrate. In controls similar fractions were obtained
and incubated with 0.5 ml of formate buffer without hyaluronic
acid. Also, 0.5 ml solution of hyaluronic acid in formate
buffer was incubated without adding hyaluronidase preparation.
Determination of Protein Concentration
Concentrations of total protein in whole fluid and pro
cessed fractions were determined for developmental stages days
4 through 10. The samples were processed as shown in Fig. 1
and their protein contents determined spectrophotometrically
using the Gilford Model 240 Spectrophotometer at O.D. 280.
Ten ^il of whole fluid were diluted 100 fold with
distilled water and read, with distilled water as the blank.
For processed samples, 50 jul of whole fluid were processed
through the steps for the isolation of hyaluronidase as
described above (Fig. 1). Total protein was precipitated
with 500/jl of 10% TCA. The TCA-sup. fraction was made up
to 1 ml with distilled water and read with a solution of 10%
TCA and H20 (50:50, volume) as blank. The TCA-pellet fraction
was redissolved in 1 ml distilled water (with intermittent
vortexing). It was read before and after sonication with
H20 as blank. AMS-sup. was read without further dilution,
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while the AMS-pellet was redissolved in 1 ml of H2O before
reading. In both cases, distilled H2O was used as the
blank.
Protein concentrations were estimated from the O.D.
280 readings according to the formula:
Concentration (mg/ml) = O.D. X F ( 1 )
d
where
F = Volume of product in 1 ml of blank (usually water)
d = Path length of the adsorption cell in centimeters
Characterization of the Isolated Brain
Fluid Hyaluronidase
The properties of the isolated embryonic chick brain
fluid byaluronidase were investigated in order to relate it
to the other forms of hyaluronidase reported in the liter
ature. Hayaluronidase from animal sources has been shown to
differ from bacterial form (streptomyces) in pH optima,
substrate specificity, cation requirements and effects of
temperature (Ohya and Kaneko, 1970; Aronson and Davidson,
1967; Orkin and Toole, 1978). Recently, it has been found
that in cultured chicken fibroblasts the putative secreted
form of hyaluronidase differs from the cellular form in
its stability in neutral pH and effects of temperature
(Orkin and Toole, 1980). Consequently, it was logical to
investigate these properties in the chick brain fluid hy
aluronidase. The properties studied include effects of
pH and cations,and substrate specificity. Also, the
molecular weight of the hyaluronidase was determined by
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gel electrophesis.
Effect of pH on Hyaluronidase Activity
The effect of pH on purified embryonic chick brain
hyaluronidase was determined for pH ranges 1.0/ 2.0, 2.5
. . . 10.0. Chick brain fluid was isolated as outlined
in Fig. 1. Two aliquots, 500 jaI each, of whole fluid
were precipitated with excess 10% TCA to acquire TCA-pellets.
After dissolving and sonicating, the TCA-pellets were
transferred into one Eppendorf tube and treated with ammonium
sulfate to obtain AMS-pellet. The AMS-pellet was re-
dissolved in water and 50 jtl aliquots of dissolved AMS-
pellet were transferred into test tubes containing 0.5 ml of
hyaluronic acid solutions in formate buffer of pHs 1.5, 2.0,-
2.5 . . . 10.0. The mixtures were then incubated for 8 hours
then assayed for hyaluronidase activity as described above.
Effects of Cations (Mg2+, Ca2+, Mn +) on the
Activity of Chick Brain Fluid Hyaluronidase
The effects of cations (Mg2+, Ca2+, Mn2+) on chick brain
fluid hyaluronidase were studied in Na+-elevated and Na+-
reduced formate buffer systems. The first formate buffer
was prepared as previously described (i.e., 0.10 sodium
formate,0.15M NaCl and 0.1% Tx-100). In the second
buffer, the 0.15M NaCl was omitted. Hyaluronic acid
solutions (10 mg/ml) were then prepared in each buffer.
Chick brain fluid was processed as described above
up to sonicated TCA-pellet (dissolved in deionized water).
The dissolved pellet was divided into aliquots equivalent
to the number of experiments which had to be conducted.
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AMS-pellets were then obtained from each aliquot and re-
dissolved in 50 ^il of deionized water. One half of the
aliquots were incubated with 0.5ml of hyaluronic acid
solution in the formate buffer containing 0.15M NaCl; the
other aliquots were incubated in 0.5ml of hyaluronic acid in
the second buffer system (i.e., without 0.15M NaCl).
To each incubation mixture was added the appropriate
molar weight of the ions indicated in Table 5 before incu
bation commenced.
Substrate Specificity of Chick
Brain Fluid Hyaluronidase
The activity of chick brain fluid hyaluronidase on
hyaluronic acid was compared to its activity on chondroitin
sulfate in order to further characterize the enzyme.
Sonicated ammonium sulfate pellet (AMS-pellet)
obtained from 100 ^ul of whole fluid was dissolved in 100
pi of formate buffer and then divided into two aliquots
of 50 ;ul each. One of these,and another 50 pi of unpro
cessed whole fluid were each incubated with 0.5 ml of human
umbilical cord hyaluronic acid (10 mg/ml in formate buffer).
The other AMS-pellet aliquot and another 50 ;ttl of whole fluid
were incubated for 8 hours with 0.5ml of chondroitin sulfate
solution (10 mg/ml in formate buffer). Similarly treated
testis hyaluronidase was also incubated with hyaluronic




Sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) was used to study the profile of the
chick brain fluid proteins, and to correlate the changes
in these proteins with the changes in hyaluronidase activity
during the different stages of chick brain morphogenesis.
Further, the molecular weight of the chick brain fluid
hyaluronidase was estimated by this method.
Gradient gels of 5-15% were used. Samples were
alkylated with BEST-DS (0.106M bromophenol blue, 4 mM
EDTA, 34% sucrose, 80 mM Tris, 10 mM diothiothreital, and
4% SDS; Sigma Chemical Co.) and incubated for 20 min with
0.25 M iodoacetamide. Electrophoresis was conducted at
30 milliamps for 12 hrs. The gels were stained with 85%
Commassie blue. They were destained with 1^0, methanol
and acetic acid (11:7:2) and fixed in the same mixture
made with 5% glycerol.
To determine the protein bands which contained
hyaluronidase activity, the bands were cut and completely
redestained for a further 48 hrs. The destained bands
were each homogenized in 0.5 ml of formate buffer and then
incubated with 0.5 ml of human umbilical cord hyaluronic
acid solution in formate buffer for 8 hrs. Hyaluronidase
activity was determined as described above. To provide
controls, stained sections of the gel without protein bands
were cut into sizes equal to the protein band containing
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sections, and similarly treated.
The molecular weight of the chick brain fluid
hyaluronidase was estimated using two markers: bovine testis
hyaluronidase (MW = 89,000 daltons) and bovine serum albumin




Minimal time that gave maximal hyaluronidase activity
was determined for whole fluid, AMS-pellet and testis hyal
uronidase. The results (Fig. 2) show that in all three
cases the concentration of released N-acetylglucosamine
increased with prolonged periods of incubation. For whole
fluid and AMS-pellet, the increase was linear with time up
to about 10 hr, while testis hyaluronidase remained linear
beyond 16 hr. Also, hyaluronidase activity in whole fluid
was higher than that of purified AMS-pellet fraction. A
standard reading obtained with 0.1 mg/ml of commercial N-
acetylglucosamine was higher than either reading for chick
brain fluid or testis hyaluronidase.
Consequently, incubation periods of 8 hr were used
for all other experiments.
Hyaluronidase Activity Observed in
AMS-fractions Derived from Soni
cated and Unsonicated TCA-pellets
In Table 1 is shown chick brain fluid hyaluronidase
activity observed in the soniated and unsonicated fractions
of ammonium sulfate processed fluid. Sonication seemed
to shift hyaluronidase activity from AMS-sup. to AMS-
pellet. In unsonicated samples, the activity was higher
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Fig. 2 Rate determination of chick brain fluid hyaluroni
dase activity of whole fluid (~A,"~) > an(^ ammonium
sulfate purified pellet (-|f|—) , and of bovine
testis hyaluronidase (—©—) .
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Table 1. Effect of Sonication on hyaluronidase activity














Note: Incubation of these fractions with 0.5 ml of formate
buffer without hyaluronic acid gave activities
close to zero. Also, similar experiments with bovine
testis hyaluronidase gave similar results (see text).
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in the supernatant (43.0) than in the pellet (32.0), while
in the sonicated samples the activity was higher in the
pellet (45.0) than in the supernatant (29.5). Also, in
comparing the sonicated and unsonicated supernatants and
pellets, it was observed that hyaluronidase activity was
higher in the unsonicated than in the sonicated supernatants
and it was higher in sonicated than in unsonicated pellets.
Similar results were obtained with similarly processed
bovine testis hyaluronidase. In control experiments using
formate buffer without hyaluronic acid hyaluronidase activity
obtained in all fractions was close to zero except for whole
fluid which gave activity of 5.0 jig.
Protein Concentrations in Different Fractions
during Developmental Stages Days 4-10
Experiments were undertaken to determine how total
protein and other TCA and ammonium sulfate precipitable
proteins vary in concentration during developmental stages
of the chick brain. The experiments were done as described
above.
Table 2 and Fig. 3 present the results of these
experiments. Total protein concentration assayed in whole
fluid did not change drastically from day 4 to day 10.
Slightly higher concentration (about 2.7 mg/ml) was assoc
iated with earlier stages of development—days 4 through
6, followed by a gradual decrease to a minimum of 2.20
mg/ml on day 8, and then by a gradual increase to 2.65
mg/ml on day 10. Similarly, TCA precipitable protein was
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Table 2. Protein concentrations obtained in whole fluid,
TCA-pellet and AMS-pellet of processed chick


































Fig. 3 Variations in protein concentrations in
whole fluid and TCA and ammonium sulfate
precipitated pellet fractions of chick
brain fluid during developmental stages
days 4 through 10.
— Whole fluid
H—* TCA pellet











































































































present in higher concentrations during the earlier stages,
days 4 to 6, being about 2.4 mg/ml for days 4 and 5, and
slightly higher (2.61 mg/ml) on day 6. This slight increase
on day 6 was followed by a faster drop in the concentration
to a minimum of 1.83 mg/ml on day 8. Thereafter, the TCA
precipitable protein concentration remained more or less
constant up to day 10 (1.75 and 1.78 mg/ml for days 9 and
10, respectively). Ammonium sulfate precipitable protein
also showed a higher concentration during the earlier
stages. It was much higher on day 4 (2.27 mg/ml), dropped
quickly to 1.76 mg/ml on day 5, and to a minimum of 1.23 mg/ml
on day 7. After this it showed a very gradual increase to
1.38 mg/ml on day 10.
Variation in Hyaluronidase Activity
during Development
The variation of hyaluronidase activity in the chick
brain fluid during development was studied for days 4
through 11 and on day 15. The results (Table 3, Fig. 4)
were different from what was obtained for total proteins.
While total protein was found to be higher at earlier
stages of development, the hyaluronidase activity was higher
at later developmental stages. On days 4 and 5, hyaluroni
dase activity remained almost at constantly high levels
(12.5 ug of GNAc). After day 6, the activity showed a
gradual increase to a maximum at day 8 (25.0 ;ug). Between
days 8 and 11, the activity once again remained more or
less constant ( 25.0 /mg) .
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Table 3. Hyaluronidase activity observed in ammonium
sulfate processed pellet (AMS-pellet) fraction





















*AMS-pellet from 50 ul of bovine testis hyaluronidase
Fig. 4 Hyaluronidase activity observed in ammonium
sulfate pellet fractions of processed chick













AGE OF EMBRYOS (DAYS)
10 11 15
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Effect of pH on the Activity of Chick
Brain Fluid Hyaluronidase
The effect of pH on the activity of chick brain fluid
hyaluronidase was determined for pH ranges 1.5 to 10.0.
The results (Table 4, Fig. 5) indicate that isolated (AMS-
pellet) chick brain hyaluronidase had a maximum activity
at pH 3.5 to 4.5, with peak at 3.8 to 4.0 (28.6/jg of GNAc).
The enzyme activity was lowest at aklaline pH 8.0 to 10.0.
It was also observed that acidic pHs of 3.0 and below sup
pressed the activity of chick brain fluid hyaluronidase,
although not as much as higher alkaline pHs. Also, the
enzyme exhibited relatively high activity at around neutral
pH.
Effects of Cations (Mq2+, Mn +, and Ca *)
on the Activity of Chick Brain Fluid
Hyaluronidase
Experiments were conducted to determine how the
activity of isolated chick brain fluid hyaluronidase was
affected in buffer systems containing other cations in
addition to Na+. The results (Table 5) show that cations
at low concentrations have some stimulatory effect on the
activity of chick brain fluid hyaluronidase. Calcium at
0.1M concentration had the highest stimulatory effect in
both buffer systems. It was also observed that in the
buffer system in which Na was omitted the effects of the
cations, especially calcium, were much more pronounced than
in the buffer system with sodium only.
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Table 5. Effects of Cations (Mg , Ca + and Mn ) on the
activity of chick brain fluid hyaluronidase in
presence and absence of Na+.
Buffer Constituents






































* Hyaluronic acid incubated without hyaluronidase in
formate buffer.
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Substrate Specificity of Chick
Brain Fluid Hyaluronidase
Substrate specificity of the processed hyaluronidase
was also determined. The results (Table 6) show that chick
brain fluid hyaluronidase degraded both hyaluronic acid and
chondroitin sulfate. It was also observed that hyaluronic
acid was a better substrate for the enzyme than chondroitin
sulfate. Once again, higher activity was obtained with un
processed whole fluid than with AMS-pellet fraction for both




Protein Bands Obtained with Sonicated
and Unsonicated Ammonium Sulfate
Processed (AMS) Pellet Fractions
The banding pattern of the ammonium sulfate processed
chick brain fluid hyaluronidase showed 6 bands. With the
unsonicated AMS-pellet fractions there were two closely
associated bands at the approximate position of the band
exhibiting hyaluronidase activity (Fig. 6A, slot 2). How
ever, when sonicated AMS-pellet fractions were used there
were one large concentrated band and one adjacent small band,
occupying respectively lower and higher positions than the
former (Fig. 6A, slot 1). When these bands were assayed for
hyaluronidase activity as described above, only the smallest
bands released after sonication showed significant activity
(Table 7).
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Table 6. Substrate specificity of chick brain fluid
hyaluronidase
Fraction Hyaluronidase Activity Qug/ml of GNAc)















♦Commercial preparation of bovine testis hyaluronidase
processed in the same way as chick brain fluid was used
for comparison.
Fig. 6 Photographs of SDS-polyacrylamide gel electrophoresis
protein profiles of ammonium sulfate processed chick
brain fluid hyaluronidase from AMS-pellets, bovine
testis extract and bovine serum albumin.
A. Sonicated (lane 1) and unsonicated (lane 2) chick
brain fluid hyaluronidase (AMS-pellets) and soni
cated (lane 4) and unsonicated (lane 5) bovine
testis hyaluronidase (AMS-pellets). Lane 3, blank.
B. Bovine serum albumin (lane 1, MW= 68,000 daltons) and
sonicated and unsonicated chick brain fluid hyalur
onidase (lanes 4 and 5, respectively). Lanes
2 and 3, blank.
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Table 7. Hyaluronidase activity*obtained from the different
protein bands of chick brain fluid and testis
hyaluronidase.






















* Hyaluronidase activity is expressed in jag of GNAc
** Protein bands are numbered from top
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A commercial bovine testis hyaluronidase used as
one of the markers showed 6 bands on the same SDS gel
(Fig. 6Af slots 4 and 5). Hyaluronidase activity was
associated with the first and the third bands, suggesting
the presence of at least two types of hyaluronidase (Table
7).
Estimation of the Molecular Weight of the
Chick Brain Fluid Hyaluronidase
The molecular weight of the chick brain fluid hyaluron
idase activity containing protein(s) was estimated on SDS-
polyacrylamide gels using bovine serum albumin (MW = 68,000
daltons) in addition to the bovine testis hyaluronidase
(MW = 89,000 daltons). The bovine serum albumin showed
one major band at a position slightly lower than that oc
cupied by the chick brain fluid hyaluronidase band (Fig.
6B, slot 1). Conversely, the first testis hyaluronidase
band (MW = 89,000 daltons) occupied a higher position than
either the serum albumin band or the chick brain fluid band,
while the other (third) was at a lower position than that of
chick brain fluid hyaluronidase band. Consequently, the
chick brain fluid hyaluronidase band occupied approximately
a position equivalent to 70,000 daltons. Its molecular
weight, therefore, was estimated to be about 70,000 daltons.
CHAPTER V
DISCUSSION
Research endeavors in the area of embryogenesis are
currently directed towards understanding the nature and the
functional role of the various macromblecules involved in
negotiating the course of events leading to normal as well
as abnormal development. Some of the macromolecules as
sociated with ambryonic systems are the glycosaminoglycans
(GAGs)—hyaloronic acid, chondroitin sulfate, heparin
sulfate, dermatan sulfate, and keratan sulfate. These
are polysaccharides composed of disaccharide units of
alternating monosaccharides, of which one is usually an
acid—glucoronic or iduronic acid, and the other contains
an acetylated glucosamine or galactosamine. The mono-
saccharide and the disaccharide units are connected,
respectively, by beta 1, 3 and beta 1, 4 linkages. They
are degraded by a concerted action of endo- and exo-glycosi-
dases. In the case of hyaluronic acid, two exoglycosi-
dases—glucoronidase and acetylglucosaminidase and one
endoglycosidase—hyaluronidase effect its complete degra
dation.
Incoordinate synthesis of these enzymes results
in accumulation of hyaluronic acid and other GAGs, leading
to serious developmental malformations (Biomedical Signi
ficance, Chap.III). Therefore, it is only fitting
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that many laboratories engage in extensive research in
order to elucidate the functional role of these enzymes.
In our laboratory, we have isolated and character
ized hyaluronidase from embryonic chick brain fluid.
The embryonic chick brain hyaluronidase was partially
purified with ammonium sulfate as described in the Material
and Methods and outlined in Fig. 1. The fractions obtained
in this process contained different levels of hyaluronidase
activity (Table 2) with highest values in unprocessed fluid
and pellets obtained with ammonium sulfate after sonicating
the dissolved TCA-pellets. A fairly high activity was
retained in the ammonium sulfate supernatant when TCA-pellet
was not sonicated. Most of this activity was shifted to
the pellet (AMS-pellet) when the dissolved TCA-pellet was
sonicated before treatment with ammonium sulfate. That
the hyaluronidase activity in these fractions was due to
the chick brain hyaluronidase rather than acidic hydrolysis
of umbilical cord hyaluronic acid or other causes is seen in
the results in which the fractions were incubated with for
mate buffer without the hyaluronic acid and where umbilical
cord hyaluronic acid (in buffer) was incubated without
either chick brain or bovine testis hyaluronidase. In both
cases, hyaluronidase activity was negligible compared to
the experiments in which either chick brain or bovine testis
hyaluronidase was used with umbilical cord hyaluronic acid.
High levels of hyaluronidase activity in whole fluid
may be due to the presence of other GAGs, especially chon-
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droitin sulfate, that are also degradable by hyaluronidase.
These results suggest a strong association, possibly
a complex, between brain fluid hyaluronic acid localized
in the sonicated AMS-sup. and the hyaluronidase activity
containing protein retained in the AMS-pellet by ammonium
sulfate treatment of the sonicated TCA-pellet. Evidence
for the presence of hyaluronic acid-complexes in animal
tissues have been presented by other investigators (Sandson
and Hamerman, 1962; Hamerman et al., 1966; Scher and
Hamerman, 1972).
Other results which further suggest the existence of
hyaluronic acid-protein complexes in the chick brain fluid
were obtained with sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). When total chick brain
fluid protein (whole fluid or TCA-pellet) was processed
for PAGE as described in Materials and Methods, there
appeared always two associated protein bands (Fig. 6Af
lane 2) at the position equivalent to the one occupied
by the hyaluronidase band of commercial bovine testis
extract (Fig. 6A, lanes 4 and 5). When ammonium sulfate
pellet derived from unsonicated TCA-pellet was used the
associated bands still remained pronounced. However, in
the lane in which ammonium sulfate pellet (sonicated AMS-
pellet) derived from sonicated TCA-pellet was used, two
bands were observable, a hyaluronidase and a protein band
at positions higher and lower, respectively, than previous
ly occupied (Fig. 6A, lane 1). One possible explanation
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for the different banding patterns of these proteins may
be the existence of the complexes mentioned above. It
is apparent that in the samples derived from whole fluid
and unsonicated TCA-pellets the complexes are intact.
This is due to the fact that the hyaluronic acid protein
complex has a different electrophoretic mobility from
otherwise uncomplexed protein. After sonication, the
complex is broken and the different proteins are electro-
phoresed at different rates.
We sought further to determine how the protein
contents of these fractions and the total brain fluid
protein varied during the development of the chick brain.
The results (Table 2, Fig. 3) showed that all fractions
contained some protein, highest concentrations being in
the whole fluid, sonicated TCA-pellets and AMS-pellets
derived from sonicated TCA-pellets. Still, a fairly
high concentration of protein remained in the sonicated
AMS-supernatant, and could not be removed even with
repeated exhaustive treatment of the supernatant with
ammonium sulfate. This protein exhibited very little
hyaluronidase activity compared with the ammonium sulfate
precipitable protein (Table l). This observation raises
the possibility of existence of more than one protein
involved in regulating degradative action of chick brain
hyaluronidase on hyaluronic acid. This possibility of the
regulatory role of these proteins will pursued later in
this discussion.
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In following the manner in which total brain fluid
protein (Fig. 3) varied with the ages of the embryos, it
was found that total protein was higher at earlier stages
of development days 4 to 6, with maximum on day 6. There
after the concentration of total protein fell gradually
to a minimum on day 8. After day 8, it again showed a
very gradual rising trend, remaining more or less constant
up to day 10. Polansky et al. (1973) reported almost
similar results for total brain tissue proteins. These
investigators found that protein content of chick brain
tissue increased constantly from day 7 to day 15. Con
sidering the different experimental conditions and source
of embryos our results for days 8 to 10 were not different,
The variation with the embryonic age in the con
centration of hyaluronidase activity-containing protein
(AMS-pellet) showed a somewhat different pattern from that
of the total protein. It was highest on day 4, and fell
at a faster rate to a minimum on day 8. After day 8,
like the total protein, there occurred a marked increase,
but at a much more gradual rate.
In correlating the variation of protein content of
the chick brain fluid with that of hyaluronidase activity
(Figs. 3 and 4) during different stages of develop
ment, the regulatory role of other proteins on hyaluronic
acid and hyaluronidase activity became more evident.
At earlier stages (days 4-6) when total protein content
was high, the hyaluronidase activity, contrarily, was low.
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At subsequent times when total protein content reached a
maximum at day 6 the enzyme activity began to rise
rapidly, reaching a maximum at day 8. The total protein
content during this period reached a minimum level of
concentration. This relationship exhibited by protein
and hyaluronidase activity variations is indicative of
an inhibitory regulation of hyaluronidase activity by
some of the brain fluid proteins. It is probable that
the proteins released from the complex discussed above
could have an inhibitory regulatory role on the hyaluron
idase activity.
Our results on hyaluronidase activity were a little
different from those of Polansky et al. (1973) in which
chick brain tissue hyaluronidase was reported to remain
more or less constant from day 7 to day 15 1/2. Speci
fically, on day 15, we found that the activity decreased
to those levels found on day 8. However, Young and Custod
(1972) reported that higher accumulations of DNA, RNA and
proteins occurred during earlier embryonic stages of the
chick brain, this observation on proteins being in agree
ment with ours. In embryonic chick heart, Orkin and Toole
(1978) reported that hyaluronidase activity decreased from
embryonic day 3 to hatching period. Most research in
this area, however, has concentrated on the later develop
mental stages rather than embryonic.
The functional role of hyaluronic acid in embryonic
systems is to control cellular migration at earlier stages
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of development and, hence, to enable enough accumulation
of cells before differentiation can commence (Toole, 1973;
Solursh, 1976). It is removed by hyaluronidase at the
onset of overt differentation. This contention is con
sistent with our explanation for the correlation of protein
content of the chick brain fluid with hyaluronidase
activity. It is appropriate to suggest that, during earlier
stages of development, the high protein levels might provide
macromolecules which prevent earlier interactions between
hyaluronic acid and hyaluronidase. Neural cellular migra
tion resulting in the formation of the different components
of the chick brain, e.g., layers of cerebellum, occur
between day 2 and day 6 (Hanaway, 1969).
Many of the characteristics of the brain fluid
hyaluronidase resemble those reported for other animal
hyaluronidases. Its pH optimum is similar to that re
ported for hyaluronidases from chick brain tissue (Polansky
et al., 1973), chick heart (Orkin and Toole, 1978) and rat
liver (Aronson and Davidson, 1967). Unlike these tissue
hyaluronidases, however, the chick brain fluid hyaluroni
dase exhibits some activity, although low, at neutral and
basic pHs (Fig.5). It is also very stable at neutral pH;
in fact, in most of the experiments, the TCA-pellet was
redissolved in distilled water and left overnight without
affecting the activity of the enzyme.
The secretory forms of hyaluronidase are little
affected by neutral pH (Orkin et al., 1977; Orkin and
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Toole, 1980). This may suggest that the hyaluronidase
in chick brain fluid is secretory, in part or in total.
Chick brain fluid hyaluronidase is not specific
for hyaluronic acid only. It also degrades chondroit
sulfate, but at a lower rate. This characteristic is
consistent with those of testicular (Weissman, 1955),
chick heart( Orkin and Toole, 1978), and rat liver hyalur-
onidases (Aronson and Davidson, 1967).
2+ 2+
In studying the effects of cations (Mg , Ca ,
Mn2+) in the presence and absence of sodium (Na ), calcium
and magnesium seemed to have a modulatory effect at low
2+ 2+
concentrations. The modulatory effects of Ca and Mg
were even higher when sodium was omitted from the buffer
system.
The formate buffer, with 0.15M NaCl, employed in most
of the experiments is known to inhibit the activity of exo-
glycosidases which may contribute to higher activity in the
spectrophotometric assay (Aronson and Davison, 1967).
Consequently, 0.15M sodium chloride was maintained in the
buffer used for most of the experiments.
The molecular weight of chick brain hyaluronidase
was estimated at about 70K (70,000 daltons) by SDS gel
electrophoresis. Emrbyonic chick brain heart hyaluroni
dase has been estimated at 65K (Orkin and Toole, 1978) and
bovine testis hyaluronidase at 89K (Weissman, 1955).
CHAPTER VI
SUMMARY AND CONCLUSIONS
1. Current research in embryogenesis has determined
that there are macromolecular interactions leading to normal
development. Such interactions exist between hyaluronidase
and hyaluronic acid in embryonic systems.
2. In our laboratory we have isolated and character
ized embryonic chick brain fluid hyaluronidase and deter
mined its role and that of the other protein(s) with which it
might be involved in regulating the action of hyaluronic
acid in chick brain morphogenesis.
3. The results showed that hyaluronidase exists in
the chick brain fluid complexed, possibly with other proteins,
to hyaluronic acid. The concentration of the protein,
studied for days 4 through 10, varied with age, being higher
at earlier (days 4-6) than later (days 8-10) stages of
development.
4. In studying the characteristics of the chick brain
fluid hyaluronidase, it was found to have a pH optimum at
3.5 - 4.5; it was stable at neutral pH; attacked both
hyaluronic acid and chondroitin sulfate; was stimulated by
cations; and had a molecular weight of about 70 daltons.
5. In light of these findings, we conclude that the
chick brain fluid contains at least one regulatory protein
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which appears to have an inhibitory effect on the extent of
hyaluronidase activity on hyaluronic acid. This inhibitory
effect seems to be removed as development advances.
6. On the basis of these observed characteristics in
chick brain fluid hyaluronidase, we conclude that this form
of hyaluronidase is more closely related to the secretory
than the cellular form.
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